Ultra-wideband technology shows promise for precision ranging due to its fine time resolution to resolve multipath fading and the presence of lower frequencies in the baseband to penetrate walls. While a concerted effort has been conducted in the extensive modeling of the indoor UWB channel in recent years, to our knowledge only two papers have reported ranging performance, but for limited range and fixed bandwidth and center frequency. In principle, boosting power can guarantee connectivity between transmitter and receiver, but not precision due to the distorting effects of walls and other objects in the direct path. In order to gauge the limits of UWB ranging, we carry out 5000 measurements up to an unprecedented 45 m in non-line-of-sight conditions in four separate buildings with dominant wall material varying from sheet rock to steel. In addition, we report performance for varying bandwidth and center frequency of the system.
INTRODUCTION
Ultra-wideband (UWB) signals are characterized by a bandwidth greater than 500 MHz or one exceeding 20% of the center frequency of radiation [1, 2] . Such technology shows promise for indoor ranging due to its fine time resolution to resolve multipath fading and the presence of lower frequencies in the baseband to penetrate walls. The approval of the FCC unlicensed band from 3.1-10.6 GHz in 2002 has prompted a concerted effort in the extensive modeling of the indoor UWB channel in recent years. Irahhauten provides a comprehensive overview of indoor UWB measurements in the time and frequency domains [3] . Table 1 summarizes this overview, but augmented to include reported measurements to date. Most references in the table provide channel models characterized by path loss, small-scale fading, and delay spread. The most comprehensive of the models proposed by Molisch also includes frequency fading and clusters in the multipath profile. The latter gathers measurements conducted by separate parties with similar parameters to investigate not only three indoor environments, but also two outdoor environments and the body area network.
Emergency response systems in particular require that mobile rescue devices inside a building maintain connectivity to at least three base stations deployed outside to estimate their locations through triangulation of ranges [12] . In principle, boosting transmission power to levels above the FCC mask can ensure such connectivity for large buildings, however connectivity alone cannot guarantee precision due to the distorting effects of walls (and other objects) in the direct path. The number of wall interactions in general increases with range, leading to a degradation in performance due to the physical limits of the system. This evaluation quantifies the degradation up to an unprecedented 45 m due to the large dynamic range of our measurement system. Similar to [8] [9] [10] [11] , we carry out 5000 measurements in the frequency domain from 2-8 GHz, however in a homogeneous fashion throughout four separate buildings. Rather than extract a channel model, we report the ranging performance based on time-of-flight estimation. To our knowledge, only Keignart and Scholtz have performed such a study [13] [14] [15] , however to date no effort has been dedicated to the evaluation of this performance according to variation in system parameters. Specifically, the main contribution of this 2 EURASIP Journal on Wireless Communications and Networking We also compute the path loss for all the experiments to render the results independent of our particular transmitter power and receiver sensitivity. The paper reads as follows: Section 2 describes the technique for channel measurement in the frequency domain used to estimate range, and Section 3 provides the details of our equipment setup. Section 4 outlines our suite of measurements and presents the results both through statistical measures and in graphical format, followed by conclusions in the last section.
PRELIMINARIES

The indoor propagation channel
The conventional model for the indoor propagation channel consists of an impulse train representing K multipath arrivals indexed through k [17] 
where τ k denotes the delay of the arrival in propagating between the transmitter and the receiver, and α k denotes the complex-valued amplitude which accounts for both attenuation and phase change due to reflection, diffraction, and other specular effects introduced by walls (and other objects) on its path. Figure 1 (a) displays a typical impulse response for lineof-sight (LOS) conditions between the transmitter and the receiver. Ranging systems based on time-of-flight estimate the delay τ f associated with the arrival of the first impulse in the response, or leading edge. Since the signal propagates at the speed of light c in free space, the estimated range between the radios is c·τ f . Indoor propagation delivers many and closelypacked arrivals to the receiver inherent to the smaller dimensions of objects compared to outdoors. Ultra-wideband transmitters send pulses sufficiently narrow in time to allow for path resolution at the receiver, avoiding overlap of the pulses which may otherwise combine in a destructive manner and render poor results. Even though UWB can successfully isolate multipath arrivals, the interaction of the signals with the walls distorts the signal. In non-line-of-sight (NLOS) conditions such as in Figure 1(b) , the leading-edge path propagating through walls may appear attenuated with respect to another reflected path, or even buried below the noise floor of the channel. Even if detectable, the leading edge propagates through walls slower than the speed of light, adding an irrecoverable delay with each in the estimation of τ f since the number of walls and construction material are unknown a priori: sheet rock (cinder block) introduces an additional delay of 1.8 ns/m wall (3.4 ns/m wall) for a total range error of 54 cm (102 cm) through 10 walls typically 10 cm thick [18] . This phenomenon places a physical limit on the performance of the system.
The impulse response of the channel in (1) has a frequency response (2) suggesting that the channel can be characterized through frequency measurements. We compute the frequency response pulse in the time domain and recording the impulse response directly: once we sweep the 2-8 GHz band of interest, a subband with bandwidth B and the center frequency f c can be selected a posteriori in varying the parameters of the system. The discrete frequency spectrum X( f ) in Figure 2 (a) translates to the time domain as the periodic sinc pulse x(t) in Figure 2 (b) with revolution 1/Δ f modulated at f c [19] . The bandwidth controls the width of the pulse defined through the first zero-crossing τ z = 1/B, and in turn controls the multipath resolution of the system. Choosing Δ f = 1.25 MHz allows for a maximum multipath spread of 800 nanoseconds, which proves sufficient throughout all four buildings for the arrivals to subside within one period and avoid time aliasing. The corresponding impulse response can be recovered through the inverse discrete fourier transform (IDFT) [20] h(t) = 1 2
where
The average path loss of the channel is expressed as [10] 
Time-of-flight estimation
In order to estimate τ f , we first apply a Kaiser filter to the subband; this reduce the sidelobes of the sinc pulse after taking the IDFT. While super-resolution techniques [19, 21] in generating the impulse response show a significant improvement over conventional techniques such as the IDFT for smaller bandwidths, as us, the same authors witnessed no such improvement for bandwidths in excess of 0.2 GHz, those considered in this study.
The kurtosis has been used in the literature for signalto-noise estimation in digital communication systems [22] . The key strength of this measure lies in its channel invariance, enabling application of the system with no prior knowledge of the environment. In theory, it indicates the Gaussian 4 EURASIP Journal on Wireless Communications and Networking 
The measurement system using the vector network analyzer.
unlikeness of a window w[t] centered at t when its value defined as
exceeds 3. Under the fair assumption of Gaussian noise in the channel [23] , an effective thresholding technique recently published [24] detects the presence of a signal by computing the kurtosis of a fixed-length sliding window originating at the beginning of the impulse response. It selects the leading edge as the first time sample t = τ f in the profile when κ(w[t]) exceeds a threshold. We performed a twodimensional search in function of the window size (5-30) and the threshold (2-7) to find the optimal parameters of 8 and 4.4, respectively, which minimized the cumulative range error over all the measurements recorded. Other papers in literature propose alternative thresholding techniques for estimating τ f in UWB ranging tailored to their specific measurement systems [15, 25, 26] . The S 21 ( f )-parameter of the network in Figure 3 can be expressed as a product of the Tx-branch, the Tx-antenna, the propagation channel, the Rx-antenna, and the Rx-branch
MEASUREMENT SYSTEM
The frequency response of the channel H is extracted by individually measuring the transmission responses H bra Tx , H bra Rx , and H ant in advance and de-embedding them from (6) . Measuring the characteristics of the antennas on a flat open field with dimensions exceeding 100 m × 100 m reduced ambient multipath to a single ground bounce which we removed by placing electromagnetic absorbers on the ground between the antennas. We separated the antennas by a distance of 1.5 m to avoid the near-field effects and spatially averaging them through rotation with respect to each other every ten degrees [27] . Their height was set to 1.7 m (average human height).
Note in particular the following implementation considerations.
(i) To account for the frequency-dependent loss in the long cable when operating across such a large bandwidth, we ramped up the emitted power at Port 1 with increasing frequency to radiate from the antenna at approximately 30 dBm across the whole band. (ii) We removed the LNA from the network in experiments with range below 10 m to protect it from overload and also avert its operation in the nonlinear region. (iii) To extend the dynamic range of our system, we exploited the configurable test set option of the VNA to reverse the signal path in the coupler of Port 2 and bypass the 12 dB loss associated with the coupler arm. The dynamic range of the propagation channel corresponds to 144 dB as computed through [9] for an IF bandwidth of 1 kHz and a SNR of 10 dB at the receiver. (iv) To account for the small-scale effects in the measurements, for each experiment we centered a 5 × 5 grid constructed from a wooden plank on the floor about the nominal location of the receiver antenna. The distance between the grid points was 15 cm, corresponding to a full wavelength at 2 GHz, ensuring spatial independence between the measured points for a total of 25 subexperiments.
EXPERIMENTAL SETUP AND RESULTS
Experimental setup
The measurement campaign was conducted in four separate buildings on the NIST campus in Gaitherburg, Maryland each constructed from a dominant wall material varying from sheet rock (easy) to steel (most difficult). This variation allows gauging lower and upper bounds on the performance of indoor ranging using UWB technology. Table 2 summarizes the 50 experiments in each building (10 LOS and 40 NLOS), including the maximum number of walls separating the transmitter and receiver.
As an example, consider the plan of NIST North in Figure 4 , the experiments were drawn from the two sets of 31 transmitter locations and 5 receiver locations, indicated by the solid and empty circles, respectively, to the end of achieving a uniform distribution in range in both LOS and NLOS conditions. The solid line identifies the experiment with the longest range traversing 12 walls between the transmitter and receiver. For the most part, the measurements were taken after working hours to minimize any disturbance due to the movement of personnel throughout the buildings.
Results
The range error of a subexperiment, defined as the absolute difference between the estimated range and the ground-truth range at the corresponding point on the grid, serves as a performance measure of the system. The ground-truth ranges were computed by pinpointing the nominal locations of the transmitter and receiver with a laser tape for each experiment in the campaign, and automatically extrapolating the 25 locations on the grid using a computer-aided design (CAD) model of each building layout, for a total of 5000 measurements (50 experiments ×25 subexperiments ×4 buildings).
We reduce the 25 range errors on the grid to an average range error for each experiment. Table 3 reports the statistics of the average range errors for the experiments associated with each cross-labeled scenario in the following format: μ e (cm), σ e (cm) min e (cm), max e (cm) PL 0 , γ
where μ e , σ e , min e and max e denote the mean, standard deviation, minimum, and maximum values of the average range errors; PL 0 and γ, respectively, characterize the reference loss at r 0 = 1 m and the exponent of the single-slope path loss model [10] PL(r)(dB) = PL 0 +10γ log 10 r r 0
fit to the data points generated from (4) in function of the ground-truth range r. Reporting the path loss for each scenario disassociates the results from our particular transmitter power and receiver sensitivity, barring interference. correlation exists between error and range in line-of-sight conditions. The error lies within 10 cm at B = 6 GHz up to a range of 45 m. The mean μ e of each scenario from Table 3 also appears on the plot as a hollow square to highlight the trend in parameter variation: performance improves significantly with increasing bandwidth, but at diminishing returns: μ e drops from 36 to 15 cm from B = 0.5 to 1 GHz, but only from 6 to 4 cm from B = 4 to 6 GHz. This phenomenon holds true throughout all LOS and NLOS scenarios in all buildings as a consequence of the relationship τ z = 1/B since dτ z /dB = −1/B 2 , the same increment in bandwidth dB at a higher operating bandwidth B results in a smaller decrement in the pulse width dτ z which controls the resolution performance of the system. The LOS experiments in Figures  5(b) -5(d) in the other three buildings exhibit similar behavior as in NIST North. Overall the system delivers μ e = 6 cm at B = 6 GHz throughout all four buildings tested. The plots in Figure 6 display the NLOS scenarios in NIST North, Child Care, and Sound at f c = 5 GHz while varying B = {0.5, 1, 2, 4, 6}GHz. While notably worse than the LOS experiments, the error still lies within 41 cm (1% error as a percentage of the ground-truth range) in NIST North and yields μ e = 24 cm at 6 GHz. The mean μ e increases to 38 and 84 cm in Child Care and Sound, respectively, with most of the errors below 100 cm (3%) and 150 cm (4%); considering that the signal traverses up to 40 m and 9 walls in these two buildings, the results fare quite well, especially since computing location by triangulating three or more ranges can reduce the location error by an order of magnitude with respect to the range error [12] . Despite the small path loss in Plant (not shown) due to the favorable properties of the walls which behave as waveguides, the system provides μ e = 350 cm and an error less than 390 cm only up to 15 m at B = 6 GHz, clearly manifesting the impenetrable properties of metal by the direct path.
In most scenarios across the four buildings, the error increases substantially at higher center frequencies due to larger associated path losses as quantified in Table 3 ; this phenomenon surfaces more in Sound due to thicker walls than in NIST North and Child Care. The plots in Figure 7 display the NLOS scenarios in the Sound building for B = {1, 2, 4} GHz while varying f c , the latter multiplexed on the abscissa. For all three bandwidths, μ e increases about 30 cm from the lowest to the highest center frequency. On the contrary, μ e remains relatively constant while varying f c with an unobstructed direct path in the LOS scenarios. In order to quantify the small-scale effects in the measurements, we also compute the standard deviation of the 25 range errors on the grid for each experiment. The standard deviation varied between 0.5 to 1 cm in LOS conditions for all four buildings. The mean of the standard deviation over the ensemble of experiments in NLOS conditions rose to 3, 5, 11, and 70 cm for NIST North, Child Care, Sound, and Plant, respectively. No apparent trend existed in the standard deviation as a function of range as opposed to the increasing average range error observed in the figures as a function of range.
CONCLUSIONS
Our nominal ranging system at 6 GHz bandwidth and 5 GHz center frequency delivers a mean range error of 6 cm in lineof-sight conditions up to a range of 45 m throughout all four buildings tested. This error increases to 24, 38, and 84 cm for sheet rock, plaster, and cinder block wall materials, respectively, in non-line-of-sight conditions; the system ranges within 390 cm up to 15 m in the steel building, but the performance degrades rapidly thereafter. The ranging precision improves significantly when raising the bandwidth from C. Gentile and A. Kik 0.5 GHz to 4 GHz, but at a diminishing rate, and shows virtually no further improvement at 6 GHz. The error increases up to 31 cm from a center frequency of 3 to 7 GHz due to larger path loss of the latter with an obstructed direct path, but remains fairly constant in line-of-sight conditions. U ltrawideband (UWB) communication systems offer an unprecedented opportunity to impact the future communication world. The enormous available bandwidth, the wide scope of the data rate / range trade-off, as well as the potential for very low-cost operation leading to pervasive usage, all present a unique opportunity for UWB systems to impact the way people and intelligent machines communicate and interact with their environment.
The aim of this book is to provide an overview of the state of the art of UWB systems from theory to applications. Due to the rapid progress of multidisciplinary UWB research, such an overview can only be achieved by combining the areas of expertise of several scientists in the field. More than 30 leading UWB researchers and practitioners have contributed to this book covering the major topics relevant to UWB. These topics include UWB signal processing, UWB channel measurement and modeling, higher-layer protocol issues, spatial aspects of UWB signaling, UWB regulation and standardization, implementation issues, and UWB applications as well as positioning. The book is targeted at advanced academic researchers, wireless designers, and graduate students wishing to greatly enhance their knowledge of all aspects of UWB systems.
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